1. Introduction {#sec1}
===============

Marine mammals are upper trophic level predators and important bioindicators for ecosystem health. Their distribution, health status and pollutant burdens can indicate changes in the ecosystem ([@bib19]). Marine mammal parasites are increasingly used as biomarkers for habitat use, health monitoring, understanding migrations of marine mammal hosts in various geographical areas as well as species interactions and their ecology ([@bib7]; [@bib26]; [@bib40]; [@bib24]).

Mites (Arachnida; Acari) are usually free-living or ectoparasites of land vertebrates. However, the family Halarachnidae (Acari, Gamasida) mainly consists of obligatory endoparasitic mites of the respiratory tract. They coevolved with the carnivorous ancestors of pinnipeds in the marine environment and during their long evolutionary history they established a relatively benign relationship with their phocid hosts. Their morphological adaptations to life in a semi-aquatic host make them uniquely different from other Gamasidae and specific to their host and its habitat ([@bib17]; [@bib14]). Two genera are parasites of the respiratory tract in pinniped species: *Halarachne* spp. [@bib2] have been observed affecting the nasal tract of phocids, while *Orthohalarachne* spp. [@bib31] is commonly found in otariids and odobenids ([@bib31]; [@bib15]).

The first specimen of *Halarachne* (*H.*) *halichoeri* ([@bib2]) was found in July 1837 by Dr O\'Brien Bellingham in the posterior nares of a grey seal (*Halichoerus grypus*) shot on the Dublin coast of Ireland ([@bib1]). Nonetheless, the first detailed and official description of fresh specimens was published in 1847 by George James Allman. This peculiar naso-pharyngeal mite instigated broad research interest during the late 19th century ([@bib32]). German zoologist and palaeontologist Alfred Nehring described the first finding of *H. halichoeri* in German waters from a dead Baltic grey seal from the Bay of Greifswald in 1884 ([@bib29]). Further detailed descriptions by Nehring in 1895 were from two Baltic individuals shot close to Gdansk in Poland ([@bib30]). Since only one genus and one species of these mites were known from pinnipeds at that time, there is no certainty that Nehring correctly identified the species. Unfortunately, Nehring\'s specimens have not been preserved or were lost during the Second World War, so a verification is no longer possible.

Motile *H. halichoeri* larvae are concentrated in the anterior nares and are mainly transmitted through convulsive coughing and close nasal or body contact ([@bib16]). The non-motile adults are true endoparasites, which are anchored to mucosal surfaces deeper inside the nares and cannot survive for long outside their host environment ([@bib18]). Nasal mite infections of phocids in Europe have been observed in British waters since the 1970s ([@bib6]) and have recently been reported at the Northern Spanish Atlantic coast and in Poland ([@bib3]; [@bib37]). *Halarachne halichoeri* is mainly associated with minor morphological changes in harbour seals (*Phoca vitulina*) and grey seals, but can cause different levels of respiratory disease by damaging mucous membranes and impairing respiration ([@bib6]; [@bib18]; [@bib3]; [@bib27]).

Grey seals are Germany\'s largest predators, residing along the German North and Baltic Sea coasts. Up to the Middle Ages, the grey seal was the most common seal species in the German Wadden Sea region ([@bib36]; [@bib25]). However, due to an increase in the human population, colonisation, human-induced habitat alterations and extensive, unsustainable hunting, grey seals had almost completely disappeared from the Wadden Sea (The Netherlands, Germany and Denmark) coasts in the 16th century ([@bib35]). Around 1960, the Wadden Sea harbour seal numbers dropped in a similarly dramatic way ([@bib34]). Responding to the dwindling numbers, seal hunting was gradually prohibited throughout the Wadden Sea in the mid-1970s. Since seal protection in the United Kingdom preceded the Wadden Sea countries by decades ([@bib22]), British grey seal stocks were already subject to exponential increase prior to the 1970s ([@bib8]).

Based on old hunting statistics, the number of Baltic grey seals was estimated to be between 88,000--100,000 in the early 1900s. As a consequence of excessive hunting and following severe exposure to reproduction impairing organochlorines, the population was gradually reduced to less than 4000 individuals by the late 1970s. In 1988, the hunting of seals was prohibited in the Baltic Sea, supporting an increase in populations since 1980 ([@bib20]). Following the protection of seals in the Baltic and all North Sea bordering countries, a slow return of grey seals was observed throughout both Seas, in the Wadden Sea especially supported by an influx of animals from the United Kingdom ([@bib35]; [@bib9], [@bib10]).

This study is the first report and record on the (re)occurrence of an endoparasitic mite specific to seal species, including pathological lesions and molecular data, in relation to historical records and the ecological context of host abundance in German waters.

2. Material and methods {#sec2}
=======================

2.1. Animals and post-mortem examination {#sec2.1}
----------------------------------------

Post-mortem investigations on all marine mammals found on the coasts of the German Federal State of Schleswig-Holstein (S-H) are performed at the Institute for Terrestrial and Aquatic Wildlife Research (ITAW) in regard to their decomposition status ([@bib23]; [@bib38]). Within a coordinated stranding network that was established in 1990, carcasses are screened for ecto- and endoparasites and histopathological and microbiological investigations are conducted ([@bib38], [@bib39]). In the federal state of Mecklenburg-West Pomerania, a similar network collects marine mammal carcasses for inspection at the Deutsches Meeresmuseum. In the context of this continuous marine mammal health monitoring project, six seals, four grey seals (H.g. 1--4) and two harbour seals (P.v. 1, 2) were found to harbour nasal mites ([Table 1](#tbl1){ref-type="table"}). Of these six individuals, one seal (P.v. 1) was only examined macroscopically as it was too decomposed for further investigations.Table 1Background information of harbour and grey seals infected with *Halarachne halichoeri* from the North and Baltic Sea, including general pathological findings (n. a. = not assessed due to advanced decomposition).Table 1Species IDDate of death/discoveryAgeSexOriginObservationsNumber of nasal mitesPathology**H.g. 1**11.02.2014adult♀Baltic Sea. Binz, Island of Ruegenfound dead\>60 adults, few larvaeSevere alveolar and interstitial oedema; multifocal moderate interstitial emphysema; multifocal ulcerative enterocolitis with acanthocephalans**H.g. 2**26.07.2015adult♀North Sea. Hoernum, Island of Syltemaciated, apathetic, mild diarrhoea, respiratory distress, coughing, unilateral bleeding from one nostril∼30 larvae, ∼6 adultsSevere suppurative bronchopneumonia; moderate alveolar/interstitial oedema, moderate alveolar emphysema; severe granulomatous gastritis**H.g. 3**13.02.2016adult♂Baltic Sea. Sierksdorf, Bay of Luebeckapathetic, poor nutritional status, respiratory distressMultiple adults & larvaeMild alveolar oedema; severe interstitial emphysema; amyloidosis in kidney, stomach, pancreas, adrenal glands**H.g. 4**31.07.2018adult♀North Sea. Brunsbuettelapathetic, respiratory distress, coughingMultiple adults & larvaeSevere suppurative bronchopneumonia; moderate granulomatous and eosinophilic mural gastritis with intralesional nematodes**P.v. 1**17.08.2015juvenile♂Baltic Sea. Gelting Bayfound deadOne decaying adultn. a.**P.v. 2**13.10.2015yearling♀North Sea. Helgoland islandfound deadFive adultsSevere pulmonary endoparasitosis (nematodes); multifocal suppurative pneumonia; severe alveolar/interstitial oedema and emphysema; moderate granulomatous and eosinophilic lymphadenitis (mesenterial)

Mite individuals were collected with soft forceps, cleaned in tap water and preserved in 70% ethanol. For histopathology, samples of nasopharyngeal tissue and other organs were collected, fixed in 10% neutral buffered formalin and routinely embedded in paraffin wax. Tissue sections of 3--4 μm were cut and subsequently stained with haematoxylin and eosin (HE). Representative mite specimens (adults n = 45 and larvae n = 45) from four grey seals and one harbour seal were measured. The total idiosoma length was measured to the base of the gnathosoma, while the width was taken caudally to the last leg pairs. Dorsal shield measurements were only taken where shield margins could be clearly determined. Selected *H. halichoeri* examples were photographed using CellSens Entry software with a Stereomicroscope (Olympus CX 41) with 100x magnification and attached camera (Olympus SC30). For documenting and comparing historical specimens at the Centre of Natural History of the Zoological Museum Hamburg, Germany (CeNak), two adults and two larvae were photographed using the BK Plus Lab System (Dun, Inc.) with 5x and 10x LD Mitutoyo objectives and integrated Canon camera. The images were captured and stacked with the Zerene Stacker software version 1.04.

2.2. Morphological and molecular identification {#sec2.2}
-----------------------------------------------

Larval and adult mites were identified on the basis of their morphological characteristics and in accordance with the descriptions by [@bib32], [@bib31] and [@bib15]. To also achieve parasite identification using gene sequence data, genomic DNA was isolated from seven mite specimens (five adults and two larvae) from two hosts using a QIAamp Tissue Kit (Qiagen, Hilden, Germany). The ribosomal DNA (rDNA) ITS-2 was amplified from six individuals. DNA concentrations and purity were determined using a Nanodrop 2000c (Thermo Scientific) spectrophotometer. Approximately 300 bp of the 545/683 large subunit ribosomal ribonucleic acid (LSU rRNA) gene was amplified using oligonucleotide primers 5′- TCCAACGGTGGCGCAG -3′ (forward) and 5′- CAGCTGAATCGACAACCAACG -3′ (reverse) designed from the *H. halichoeri* sequence available at GenBank (Sequence ID: MH426848.1). Reactions were performed in a total volume of 50 mL, comprising MyTaq Red DNA polymerase (Bioline) and MyTaqTM Red reaction buffer (Bioline (Aust) Pty Ltd., Alexandria, New South Wales, Australia), primers at 20 μM each and 2--4 μl of DNA template in a TGradient cycler (Biometra). Cycling conditions were initial denaturation at 95 °C for 1 min, followed by 35 cycles of denaturation at 95 °C for 15 s, annealing at 60 °C for 15 s and extension at 72 °C for 10 s. PCR products were visualised in a 1.5% agarose gel using SYBRSafe DNA Gel stain on a gel documentation system (Vilber Lourmat, France). PCR products were sent premixed with primers to Microsynth (Göttingen, Germany) for Sanger Sequencing. The closest match to the sequence was determined using BLASTn on GenBank. Voucher specimens were deposited at the CeNak Department of Arachnology, Zoological Museum - University Hamburg, Germany (accession nos. ZMH-A0002181, ZMH-A0002182).

2.3. Comparative material from museum collections {#sec2.3}
-------------------------------------------------

An extensive literature review and comparison of old *H. halichoeri* descriptions was conducted to find historical records of *H. halichoeri* from Germany. Specimens from 1890 (11 larvae, two teneral females, two specimen slides; ex H.g. Zoological Garden Hamburg, List No. 635; specified by A. C. Oudemans in 1910, reviewed by D. P. Furman in 1979) and 1901 (one larva, three females, two specimen slides; ex H.g. Bay of Greifswald; specified by A. C. Oudemans in 1910, reviewed by D. P. Furman in 1979) were found archived in the collection of the CeNak\'s Arachnology Department, University of Hamburg, Germany. The mites collected within this study were compared with this historical material.

3. Results {#sec3}
==========

3.1. Parasitological findings {#sec3.1}
-----------------------------

The first new discovery of *H. halichoeri* occurred in an adult female grey seal from the Baltic island of Ruegen, Germany, in 2014. Subsequently, three grey seals and two harbour seals from the Baltic and North Sea were found to harbour nasal mites between 2015 and 2018 ([Table 1](#tbl1){ref-type="table"}). The level of infection varied among cases without a clear pattern ([Table 1](#tbl1){ref-type="table"}). All nasal mites were found within the nasopharynx, anchored to the choanae and palate ([Fig. 1](#fig1){ref-type="fig"}). *Halarachne halichoeri* individuals from H.g. 2 stayed alive for at least three days after their host\'s death.Fig. 1Macroscopic image of in situ nasal mites within the caudal nares of H.g. 3, ventrodorsal view, animal lying on its back. Scale bar approximately 1 cm.Fig. 1

The adults of *H. halichoeri* presented a whitish elongated opisthosoma with a prominent dorsal shield on the prosoma and smooth body cuticle, typical setae on the legs and four pairs of long maxillary ventral setae ([Fig. 2](#fig2){ref-type="fig"}). The mean idiosoma length of 45 randomly chosen adult individuals was 2783.11 μm (±148.37 μm SD) and the mean width was 927.95 μm (±93.74 μm SD, n = 45). Measured adult specimens had a mean dorsal shield length of 1012.13 μm (±31.10 μm SD, n = 26) and width of 470.22 μm (±103.96 μm SD, n = 26). The larvae were smaller with a spider-like habitus, a blunt ovoid idiosoma, setae on the legs, two large claws on tarsi II and III and post-anal setae longer than the adanal setae ([Fig. 3](#fig3){ref-type="fig"}). The mean idiosoma length of 45 randomly chosen larvae was 1174.18 μm (±57.13 μm SD, n = 45).Fig. 2Dark field binocular image of *Halarachne halichoeri* adult ventral and dorsal view (A) from H.g. 2 in comparison with (B) CeNak museum specimen from 1890.Fig. 2Fig. 3Dark field binocular image of *Halarachne halichoeri* larvae ventral and dorsal view (A) from H.g. 2 in comparison with (B) CeNak museum specimen from 1890.Fig. 3

The 300 bp sequence obtained confirmed this identification, the closest match when blasted in GenBank being *H. halichoeri* (Sequence ID: MH426848.1) with 99% identity.

3.2. Pathomorphological findings {#sec3.2}
--------------------------------

In most cases, *H. halichoeri* infection was associated with hyperaemia and a mild sinus inflammation. Specific case details including general pathological results are listed in [Table 1](#tbl1){ref-type="table"}. Histology of the nasopharynx was performed in three animals with macroscopic alterations to the nasal mucosa. H.g. 2 revealed severe, diffuse lympho-plasmacytic infiltration of the nasal mucosa ([Fig. 4](#fig4){ref-type="fig"}, [Fig. 5](#fig5){ref-type="fig"}). During necropsy of H.g. 3, the nasal mucosa appeared reddish and revealed moderate to severe multifocal to confluent lympho-plasmacytic infiltration with intraluminal parasite structures ([Fig. 5](#fig5){ref-type="fig"}). Necropsy of H.g. 4 revealed a slightly hyperaemic mucosa of the frontal nares and presence of yellowish mucus. Two polyp-like growths of the nasal mucosa of approximately 10 × 5 mm were present on the nasal side of the hard palate, on which adult mites resided ([Fig. 6](#fig6){ref-type="fig"}). These polypous proliferations were associated with a severe diffuse lympho-plasmacytic infiltration. In addition, there were focal ulcerations and partly re-epithelialised granulation tissues with marked diffuse, predominantly plasmacytic infiltration.Fig. 4Grey seal, nasal mucosa with severe, diffuse lympho-plasmacytic infiltration; HE; E = epithelium; bar = 100 μm.Fig. 4Fig. 5Grey seal, nasal cavity with intraluminal mites (arrows) and severe, diffuse inflammatory infiltration of the mucosa (asterisks); HE; C = cartilage; bar = 250 μm.Fig. 5Fig. 6Polyp-like growths with adult mites present. Tissue extracted from H.g. 4\'s inferior nasal meatus adjacent to the hard palate.Fig. 6

4. Discussion {#sec4}
=============

This study reports the first findings of a re-emerging arthropod endoparasite in seal species of the German North and Baltic Sea. *Halarachne halichoeri*\'s disappearance and subsequent re-occurrence after more than a century is most likely correlated to the recovery and recolonisation of grey seals throughout the last decades. Coextinctions of associates with extinction events of their hosts are a known phenomenon in other species ([@bib12]). The absence of further *H. halichoeri* records for over 100 years could be related to minimal sampling efforts in the past. However, an ever improving network has been monitoring marine mammal strandings along the German coasts since the mid 1980s, including extensive post-mortem investigations on hundreds of seals ([@bib38], [@bib41]). Thus, the absence of *H. halichoeri* over the past decades is unlikely to be related to an insufficient sampling and examination effort, rather than to an actual absence of the parasite from the German fauna.

*Halarachne halichoeri*\'s prevalence in harbour seals and grey seals underlines that both species live in close proximity in German waters and often use the same haul-out sites, e.g. on Helgoland, where interspecies contacts occur and mites can be transmitted. *Halarachne halichoeri* seems to have evolved as a generalist arachnid endoparasite in the marine environment, which can occur in a broad geographical range from the Alaskan waters ([@bib13]) to the Galician coast ([@bib3]). It can form parasite-host-complexes with carnivorous marine mammals, including several seal species, e.g. spotted seals (*Phoca largha*) ([@bib13]) and also sea otters ([@bib21]).

General pathological findings reported in [Table 1](#tbl1){ref-type="table"} were not directly related to *H. halichoeri* infections, but influenced the hosts' health and contributed to the cause of death. Pathomorphological nasal mucosa alterations of the presented cases were mild, including hyperaemia and inflammation. For the two polyp-like proliferations of H.g. 4, it could not be established whether the mites were just incidental or causative agents.

The morphology and measurements of the present specimens corresponded to the historic specimens previously described by [@bib32] and by [@bib15]. The larva from the Hamburg Museum depicted in [@bib32] publication measured 1320 μm in idiosoma length and 725 μm in width and an adult female from the same host measured 2818 μm in idiosoma length and 891 μm in width. It can thus be assumed that Oudemans used the still existing CeNak specimen for his studies, just like Deane P. Furman had done in 1979 for his subsequent publication. Furman described mature females as being up to 2820 μm in idiosomal length, while measured dorsal shields were 1000 to 1180 μm long and 403--540 μm wide. A slight variability among the current and historic measurements may be due to physiological individual differences, the preservation and fixation as well as the age of the historical samples.

The rDNA sequences derived from *H. halichoeri* specimens from seals in German waters showed a close similarity between *H. halichoeri* specimens from the US coast where the samples originated from sea otters ([@bib33]). Further research also investigating other gene loci is needed to investigate whether geographical isolation between areas has contributed to genetic variation.

Many museums house century-old and unique collections of skeletal parts, frozen and fixed tissues, as well as mounted parasites of various marine mammal species. These materials and data sets are highly valuable for current research since they facilitate investigations into global and local species fluctuations, human impacts, changes in ecosystem and animal health and the results of conservation and management efforts. The CeNak specimens archived from grey seals from 1901 (and 1890) enabled comparison of recent specimens from this study with historical findings. Furthermore, they allowed new findings to be put in a historical context and a better understanding of the development of marine mammal ecology over longer periods of time. Unfortunately, much of the former Hamburg Natural History museum, its collection and catalogue were destroyed during the Second World War. Therefore, it is not possible to obtain further details such as host origin for the 1890 specimens. Further investigations at other collections revealed no additional archived samples. These historical findings in conjunction with the contemporary stranding and necropsy records dating back to the mid-1980s show no cases of *H. halichoeri* in German waters for over 100 years, while the mite was found in areas where the grey seal was still present ([@bib4]; [@bib5]; [@bib28]).

The prevalence of *Halarachne* in German waters might be underreported, due to post-mortem emigration from dead host individuals or due to losses during carcass transport. The here presented cases are in agreement with previous findings that grey seals act as a major host species ([@bib11]; [@bib15]), playing the most important role in the life cycle of *H. halichoeri*. However, since grey seals share their habitat with other marine mammals, interspecies transmission of the nasal mite occurs. Three live observed animals showed typical clinical symptomatology associated with respiratory tract infections. These symptoms were most likely due to bronchopneumonia and pulmonary emphysema diagnosed in these animals. These can, however, be adversely affected by nasal passage obstruction due to swollen mucosae or larger amounts of parasites. The extent of current pathological findings in seals from German waters supports preceding conclusions that this naso-pharyngeal mite commonly causes minor changes when not present in extensive numbers ([@bib17]; [@bib13]; [@bib6]). Furthermore, it did not contribute to the cause of illness or death in the presented cases. Compared to a recent study from Spain, which identified the nasal mite as the primary cause of the upper respiratory tract infections of juvenile seals ([@bib3]), *H. halichoeri* findings in Germany are much rarer and seem to be associated with only minor macroscopical lesions.

5. Conclusion {#sec5}
=============

This study reports on the occurrence of a re-emerging parasitic nasal mite in grey and harbour seals in German waters. *Halarachne halichoeri* had vanished from the German Baltic and North Sea fauna during the course of the last century with the disappearance of its main host. However, due to successful reestablishment of grey seal populations in both Seas, the seal nasal mite has likewise returned to German waters. Further examinations, including genetic studies comparing specimens from different hosts and different localities are desirable to gain more knowledge about this neglected parasite.
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